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Abstract
The Nd-Fe-B/La thin ﬁlms were deposited on the Al2O3(0001) substrate in order to investigate
the eﬀect of rare earth overlayer on the coercivity Hc. Highly textured Nd2Fe14B grains were
grown by inserting the Mo(111) single crystal buﬀer layer. By depositing the La overlayer
onto Nd2Fe14B thin ﬁlms and subsequently post-annealing at 470
◦C, the Hc value increased
from about 10.5 kOe to 15.0 kOe. The amount of Hc increase by the combination of the La
coating and post-annealing was about 4.5 kOe. After the post annealing, La oxide (hcp La2O3)
was formed in the La layer, which was conﬁrmed by means of XRD and SIMS depth proﬁle
measurements.
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1 Introduction
It is empirically known that the grain size of main Nd2Fe14B phase and an interfacial state
between the main and grain boundary (Nd-rich) phases are closely related to the coercivity in
Nd-Fe-B magnets. In the hybrid- or pure-electric vehicles with low or zero emission, develop-
ment of the high coercivity Nd-Fe-B magnets with much improved thermal stability for interior
permanent magnet type electromagnetic motor or generator is needed [1, 2, 3]. In order to
clarify the coercivity mechanism in Nd-Fe-B magnets, it would be helpful to manipulate the
grain size and the interface state between main and grain boundary phases.
Particularly, the study of the ﬁlms as a model of high performance Nd-Fe-B magnet provide
valuable information to understand the coercivity mechanisms [4, 5, 6, 7, 8, 9, 10, 11, 12, 13,
14, 15, 16]. Recently, many researchers have reported that the coercivity enhancement occurs
when the Nd-Fe-B thin ﬁlms were coated by Nd [14], Nd-Cu [15] and then Dy/Nd [16] and
properly post-annealed. These results suggest that the Nd-rich phase at the grain boundary is
extremely important to achieve high coercivity.
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However, we are still unable to give a proper explanation for the microscopic eﬀect of the Nd-
rich phase on the coercivity. In order to approach this problem, we selected non magnetic rare
earth element La, prepared the La coated Nd-Fe-B thin ﬁlms, and investigated their magnetic
properties before and after the annealing. In this paper, we report the coercivity enhancement
behavior after the annealing, which is similar to the Nd coated system [17]
2 Experimental Procedure
The Nd-Fe-B/La thin ﬁlms were deposited by UHV helicon sputtering onto Al2O3(0001) sub-
strates, with the stacking sequence of Al2O3(0001)/Mo(10 nm)/ Nd2Fe14B(20 nm)/La (0, 20
nm)/Mo(5 nm). The base pressure of the deposition chamber was about 5×10−8 Pa. The
Nd13Fe80B7 casting alloy, La metal with 3N-purity, and Mo metal with 4N-purity were used
for the sputtering targets. The Ar gas pressure PAr during the deposition of the Mo, Nd-Fe-B
and La layers were 0.07, 0.2 and 1.0 Pa, respectively. The substrate temperature Ts
Mo during
the sputtering of the Mo buﬀer layer was maintained at 300◦C and then TsMo was changed
to 670◦C. The Nd-Fe-B layer, and the La overlayer, and the Mo capping layer were deposited
successively at substrate temperatures of Ts
NFB = 620◦C and TsLa = TsMo = 60◦C, respec-
tively. These procedures including the values of Ts
Mo and Ts
NFB are the same as those reported
in our previous work [16] , which gave us a highly oriented Nd2Fe14B grains with the c-axis
perpendicular to ﬁlm plane. In some ﬁlms, the post-deposition annealing was done in-situ at
Ta = 470
◦C for 40 min. before depositing the Mo capping layer, according to the results in
the Nd-coated ﬁlms [16, 17] which exhibited the coercivity enhancement. Magnetization curves
of the ﬁlm were measured by using the superconducting quantum interference device (SQUID)
magnetometer in ﬁelds of up to 50 kOe. Crystal structure and orientation of the ﬁlms were
evaluated by using X-ray diﬀraction (XRD) and X-ray pole-ﬁgure measurements. Film thick-
ness is measured by using X-ray reﬂectometry (XRR). Surface morphology of the ﬁlms was
observed by atomic force microscopy (AFM) and scanning electron microscopy (SEM). Film
composition was analyzed by electron probe microanalyser (EPMA) and secondary ion mass
spectrometry (SIMS).
3 Results and Discussion
Figure 1 shows the X-ray pole ﬁgures for Al2O3(113), Mo(110), and Nd2Fe14B(224) planes of
the Al2O3/Mo/Nd-Fe-B/Mo ﬁlm. The six-fold symmetry spots in the pole ﬁgure of Al2O3(113)
indicate, as expected, the perfect orientation of Al2O3(0001) single-crystal substrate. On the
other hand, three-fold symmetry spots for the Mo(110) plane suggest the (111) orientation of
the Mo buﬀer layer. In the case of the Nd-Fe-B layer, we observed 12 diﬀuse spots on the pole
ﬁgure of Nd2Fe14B(224) plane. This suggests that there exist three Nd2Fe14B domains each
of which were grown epitaxially on the Mo(111) buﬀer layer. Typical epitaxial relationships
between the three layers, therefore, would be
Al2O3(0001)<21¯1¯0>//Mo(111)<1¯10>//Nd2Fe14B(001)<110>,
Al2O3(0001)<21¯1¯0>//Mo(111)<101¯>//Nd2Fe14B(001)<110>,
Al2O3(0001)<21¯1¯0>//Mo(111)<011¯>//Nd2Fe14B(001)<110>.
Surface morphology images by the AFM observation for the Nd-Fe-B and Nd-Fe-B/La ﬁlms
are shown in Figure 2. These images suggest that the Nd2Fe14B grains are well isolated in
ﬁlms with and without the La coating, before and after the annealing. We deduced the average
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Figure 1: Pole ﬁgures for planes of (a) Al2O3(113), (b) Mo(110), and (c) Nd2Fe14B(224), in
the Al2O3/Mo/Nd-Fe-B thin ﬁlm.
Figure 2: AFM images for (a) as-deposited Nd-Fe-B thin ﬁlms, (b) as-deposited and (c) annealed
Nd-Fe-B/La thin ﬁlms.
values of grain size along the lateral direction Dgrain and the maximum vertical hight from
peak to valley P -V . It should be noted that, in the post-annealed Nd-Fe-B/La ﬁlm, Dgrain is
larger while P -V is smaller than those in as-deposited Nd-Fe-B ﬁlm. These results suggest the
wetting behavior of the coated La, which would be dispersed across the inter-grain region after
the annealing. Similar changes in the surface morphology have been observed in our previous
work of the Nd-Fe-B/Nd [17].
XRD patterns for these ﬁlms are shown in Figure 3. The diﬀraction peaks from the (002n)
planes of the Nd2Fe14B phase observed in all three ﬁlms suggest that the c-axis of the Nd2Fe14B
grains aligns normal to the ﬁlm plane. We also notice the appearance of peaks from hcp-La and
La oxide phases in the Nd-Fe-B/La ﬁlms, the intensity of which has apparently been enhanced
after the post-annealing, as shown in Fig. 3(c). In order to obtain further information about
the structure in the La layer before and after the annealing, we made the reference ﬁlms of
Al2O3(0001)/Mo/La(100 nm)/Mo, with the same sputtering and annealing conditions. We
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Figure 3: XRD patterns for (a) as-deposited Nd-Fe-B thin ﬁlms, (b) as-deposited and (c)
annealed Nd-Fe-B/La thin ﬁlms.
then measured the SIMS depth proﬁle of these ﬁlms before and after the annealing. The SIMS
measurements showed that the oxygen content in the annealed ﬁlm was as large as that in the
La oxide, being much higher than that in the as-deposited ﬁlm. This oxygen possibly came
from the substrate holder or inside of deposition chamber due to substrate heating.
Figure 4 shows the diﬀerential susceptibility (dM/dH) and the demagnetization in the
demagnetization process for the same three ﬁlms. The shape of the demagnetization curve for
the as-deposited Nd-Fe-B/La ﬁlm is almost the same as that for the reference Nd-Fe-B ﬁlm,
with the insigniﬁcant decrease in coercivity. The most signiﬁcant change in the post-annealed
Nd-Fe-B/La ﬁlm is the coercivity jump of up to 15 kOe. This behavior is very similar to that
observed in the post-annealed Nd-Fe-B/Nd ﬁlms[17]. According to the dM/dH curves shown in
Fig. 4(a), the peak width for the post-annealed Nd-Fe-B/La ﬁlm is slightly larger than that for
the reference Nd-Fe-B ﬁlm. This result therefore indicates a broader distribution of nucleation
ﬁelds in the post-annealed Nd-Fe-B/La ﬁlm in spite of the signiﬁcant increase in coercivity.
At present, it is not easy to explain deﬁnitely why such a large coercivity enhancement
occurred in the post-annealed Nd-Fe-B/La ﬁlm. XRD and SIMS experiments in the present
study revealed to us an existence of the La oxide phase in the coercivity enhanced ﬁlm. This
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Figure 4: (a) Diﬀerential susceptibility and (b) magnetization curves for Nd-Fe-B thin ﬁlms
and Nd-Fe-B/La thin ﬁlms.
fact is to be compared with that in the coercivity enhanced Nd-Fe-B/Nd ﬁlm, in which the Nd
oxide phase was observed after the post-annealing [17]. One possible explanation for the higher
coercivity might then be a kind of a ”passivation” of the Nd2Fe14B surface (or interface) by
contacting the rare-earth oxide phases. Another possible mechanism being only applicable to
the La-coated system is the partial substitution of La for Nd in the outermost layers of the
Nd2Fe14B grains after the annealing. In general, a crystalline-electric-ﬁeld (CEF) interaction
at the Nd site, which generates the magnetic anisotropy, gets much weaker at the surface layer
of the Nd2Fe14B crystal[18], since the ligand atoms are partially missing. An easy nucleation
at such a surface naturally leads to an almost vanishing coercivity in a bare Nd2Fe14B crystal.
If we could substitute the non-magnetic La for the magnetic Nd only at the outermost surface
layer of the Nd2Fe14B, then the Nd sites, that induce the magnetic moment reversals owing to
their weak CEF, would be eliminated. On the other hand, the CEF interaction of the Nd at
the second outermost layer would remain its bulk value owing to an existence of the outermost
La neighbors. Therefore, the substituted La at the surface layer of Nd2Fe14B grain would act
as a proper ”terminator” of the CEF interaction which suppress the nucleation, resulting in a
higher coercivity state. Atomic level structure analysis for the present Nd-Fe-B/La ﬁlms are
now in progress to investigate whether such a La substitution occurs after annealing.
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4 Summary
We fabricated a model interface system, which consists of the textured Nd2Fe14B grains with
the La overlayer, in order to study a relationship between the microstructure near the interface
and the coercivity. Introduction of the La overlayer and the subsequent in-situ post-deposition
annealing has improved coercivity from 10.5 kOe to 15.0 kOe. XRD and SIMS measurement
shows an existence of the La oxide phase in the coercivity enhanced Nd-Fe-B/La ﬁlm after the
annealing. Atomic-level structure analysis in progress will give an insight into a mechanism of
the coercivity enhancement.
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